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Thecytosolic sensorsNod1andNod2andToll-like re-
ceptors (TLRs) activatedefensesignalingpathways in
response to microbial stimuli. However, the role of
Nod1 and Nod2 and their interplay with TLRs during
systemic bacterial infection remains poorly under-
stood. Here, we report that macrophages or mice
made insensitive to TLRs by previous exposure tomi-
crobial ligands remained responsive to Nod1 and
Nod2 stimulation. Furthermore, Nod1- and Nod2-me-
diated signaling and gene expression are enhanced
in TLR-tolerant macrophages. Further analyses re-
vealed that innate immune responses induced by
bacterial infection relied on Nod1 and Nod2 and their
adaptor RICK in macrophages pretreated with TLR
ligands but not in naive macrophages. In addition,
bacterial clearance upon systemic infection with
L. monocytogenes was critically dependent on Nod1
and Nod2 when mice were previously stimulated
with lipopolysaccharide or E. coli. Thus, Nod1 and
Nod2 are important for microbial recognition and
host defense after TLR stimulation.
INTRODUCTION
The removal of infectious bacterial pathogens by the host is fun-
damental for the survival of multicellular organisms. Inmammals,
detection of microbial agents is mediated by the recognition of
conserved and unique pathogen structures by specific host
pattern-recognition molecules, such as the Toll-like receptors
(TLRs) and Nod-like receptors (NLRs) (Akira et al., 2006; Inohara
et al., 2005). TLRs recognize bacterial ligands at the cell surface
or within endosomes (Akira et al., 2006). In contrast, NLRs induce
innate immune responses through cytosolic recognition of
microbial components (Inohara et al., 2005; Ting and Davis,
2005). Two NLR family members, Nod1 and Nod2, sense bacte-
rial molecules produced during the synthesis and/or degra-
dation of peptidoglycan (Chamaillard et al., 2003; Girardin
et al., 2003a; Girardin et al., 2003b; Inohara et al., 2003). Nod1
recognizes peptidoglycan (PGN)-related molecules containing
the amino acid meso-diaminopimelic acid (meso-DAP) that are
produced by most Gram-negative and certain Gram-positive
bacteria (Chamaillard et al., 2003; Girardin et al., 2003a). In con-246 Immunity 28, 246–257, February 2008 ª2008 Elsevier Inc.trast, Nod2 is activated by muramyl dipeptide (MDP), which is
a conserved structure in virtually all types of PGN (Girardin
et al., 2003b; Inohara et al., 2003). Similar to TLRs, Nod1 and
Nod2 activate gene transcription through the NF-kB transcrip-
tion factor and the mitogen-activated protein kinase (MAPK) sig-
naling pathways via the adaptor molecules RICK (also known as
RIP2) and CARD9 (Girardin et al., 2001; Hsu et al., 2007; Inohara
et al., 2000; Kobayashi et al., 2002b). Evidence that Nod1 or
Nod2 play an important role in host defense in vivo is limited to
models of gastrointestinal infection in which the pathogen inter-
acts with cells of the intestinal tract that are largely devoid of TLR
signaling (Kobayashi et al., 2005; Viala et al., 2004). However, the
function of Nod1 and/or Nod2 in systemic bacterial infection
remains poorly understood.
Proinflammatory cytokines are critical for the elimination of
bacterial pathogens from the host (Takeda and Akira, 2005).
However, overproduction of these cytokines via stimulation of
monocytes and macrophages with lipopolysaccharide (LPS)
and other TLR ligands is harmful to the host and can lead to
septic shock and death. As a form of protection against these
deleterious effects, LPS exposure induces a transient state of
tolerance to subsequent LPS challenge, thus avoiding cyto-
kine-induced immunopathology (Dobrovolskaia and Vogel,
2002). The significance of LPS-induced hyporesponsiveness in
macrophages has been revealed by studies showing that patient
survival during septic shock correlates with prolonged LPS toler-
ance of circulating monocytes (Danner et al., 1991; West and
Heagy, 2002). However, endotoxin tolerance also increases the
risk of succumbing to bacterial superinfection in patients (Docke
et al., 1997; Shahin et al., 1987). Induction of LPS tolerance is not
ligand-specific in that pretreatment with LPS or with certain
proinflammatory cytokines also induces the tolerance pheno-
type to a subsequent challenge with multiple TLR agonists
(Crabtree et al., 2001; Lehner et al., 2001; Sato et al., 2002;
Wang et al., 2003). However, TLR-induced tolerization is re-
stricted to TLR agonists that act through the same intracellular
pathway (Bagchi et al., 2007). In the setting of bacterial infection,
it seems likely that multiple TLRs and NLRs are activated in re-
sponse to the invading pathogen or microbial molecules such
as LPS that are released into the blood circulation or tissues
(Hellman et al., 2000). Under these conditions, the interplay be-
tween TLRs and NLRs might be critical not only for the induction
of protective immune responses but also for avoiding inflamma-
tion-induced pathology. Several reports have demonstrated that
costimulation of human and mouse monocytes or macrophages
with TLR agonists and Nod1 or Nod2 agonists enhances the
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2003; Fritz et al., 2005; Park et al., 2007; Yang et al., 2001), al-
though under certain conditions, the absence of Nod2 is associ-
ated with increased TLR2-mediated responses (Watanabe et al.,
2004). However, it remains unknown whether macrophages
refractory to TLR signaling retain responsiveness to Nod1 or
Nod2 stimulation. More importantly, the interplay between
TLRs and Nod1 and Nod2 in the setting of bacterial infection in
vivo remains to be investigated. We show here that Nod1 and
Nod2 are critical for host defense against the intracellular bacte-
rium L. monocytogenes after exposure to TLR ligands.
RESULTS
Lack of Crosstolerization between MDP and TLR
Agonists
So that the relationship between TLR and Nod2 signaling could
be determined, macrophages were pretreated with LPS, MDP,
MDP plus LPS, or medium alone for 24 hr and then challenged
with LPS or medium as a control in the presence and absence
of MDP. Previous studies showed that stimulation of mouse
macrophages with MDP alone does not induce the production
of cytokines, but costimulation with MDP and TLR agonists en-
hances TLR-mediated responses (Kobayashi et al., 2005; Park
et al., 2007). Consistent with the latter, costimulation of naive
macrophages with MDP and LPS increased the production of
the cytokines interleukin-6 (IL-6) and tumor necrosis factor-a
(TNF-a) when compared to the response observed with LPS
alone (Figures 1A and 1B). However, the cytokine response to re-
stimulation with LPS was dramatically reduced in macrophages
pretreated with LPS, consistent with TLR4 tolerization (Figures
1A and 1B). The production of IL-6 and TNF-a induced by
MDP in LPS-tolerant macrophages was increased several fold
when compared to that induced in the absence of MDP (Figures
1A and 1B). Furthermore, stimulation of LPS-treated macro-
phages with both MDP and LPS was associated with increased
production of IL-6 and TNF-a when compared to the response
observed with MDP alone (Figures 1A and 1B). When macro-
phages were pretreated withMDP, the response to restimulation
with LPS was enhanced but the cells did not respond to MDP in
that the amounts of TNF-a and IL-6 were similar in the presence
and absence of MDP (Figures 1A and 1B). Similar results were
obtained when different concentrations of LPS were used in
secondary stimulation (Figure S1 available online). These results
indicate that stimulation with LPS induces refractoriness to
a secondary challenge with LPS but the macrophages remain
fully responsive to MDP. In fact, cells refractory to LPS restimu-
lation were more responsive to MDP than were naive cells (2.5
versus 12-fold increase for IL-6 and 2.2 versus 13-fold increase
for TNF-a) (Figures 1A and 1B). Reciprocally, MDP-tolerant
macrophages remain responsive to LPS. Comparable results
were obtained when macrophages were prestimulated with
lipoteichoic acid (LTA), a TLR2 agonist (Figure 1C). Moreover,
macrophages pretreated with MDP remained responsive to
Pam3CSK4 (TLR2 agonist), poly:I;C (TLR3 agonist), and imiqui-
mod (TLR7 agonist) (Figure S2). Finally, pretreatment with both
LPS and MDP induced tolerization to a subsequent challenge
with LPS plus MDP (Figures 1A–1C). Thus, ligand-induced hypo-
responsiveness to Nod2 and TLR signaling is independently reg-ulated in mouse macrophages. Furthermore, macrophages re-
fractory to TLR ligands exhibit enhanced cytokine production
when stimulated with MDP.
We next determined whether MDP or LPS stimulation can in-
duce tolerance to a subsequent challenge with MDP or LPS
in vivo. In these experiments, mice were injected intraperitone-
ally (i.p.) with 300 ug of MDP, 10 ug of LPS, or phosphate-buff-
ered saline (PBS) as a control, and 24 hr later themice were chal-
lenged with MDP or LPS. IL-6 production was detected 3 and 6
hr after injection with LPS in the serum of mice pretreated with
MDP or PBS (Figure 1D). Notably, the induction of IL-6 by LPS
was abolished in mice pretreated with LPS but enhanced in an-
imals pretreated with MDP (Figure 1D). Similarly, prestimulation
of micewithMDP induced tolerization to a subsequent challenge
with MDP, whereas pretreatment with LPS increased IL-6 pro-
duction upon administration with MDP (Figure 1E). These results
indicate that pretreatment with LPS and MDP induces self-
tolerization, but tolerant mice exhibit an enhanced response to
a secondary challenge with MDP and LPS, respectively, in vivo.
NF-kB and MAPK Activation in Macrophages Stimulated
with Agonists for Nod1, Nod2, and TLR4
MDPand LPS induce the secretion of proinflammatory cytokines
via NF-kB and MAPK activation (Akira et al., 2006; Inohara et al.,
2005). For the determination of whether tolerization is associated
with alteration of these key signaling pathways, extracts were
prepared from macrophages prestimulated with MDP or LPS
for 24 hr and were then restimulated with MDP or LPS for differ-
ent times and immunoblotted with antibodies that recognize
activated forms of NF-kB, ERK, JNK, and p38. By 60 min of LPS
stimulation, phosphorylation and degradation of Ik-Ba, as well
as phosphorylation of p38, ERK, and JNK, was detected in
untreated macrophages (Figure 2A). Such activation of NF-kB
and MAPKs in response to LPS was greatly inhibited in macro-
phages pretreated with LPS (Figure 2A). Similarly, activation of
JNK, ERK, p38, and NF-kB induced by MDP was impaired mac-
rophages pretreated with MDP (Figure 2B). In contrast, phos-
phorylation of Ik-Ba, p38, ERK, and JNK was slightly increased
after challenge with LPS in macrophages pretreated with MDP
and markedly increased after restimulation with MDP in LPS-
tolerant macrophages (Figures 2A and 2B). These biochemical
analyses are in agreement with the cytokine responses shown
in Figures 1A and 1B.
Nod1, a Nod2 homolog, is activated by the dipeptide iE-DAP
(Chamaillard et al., 2003; Girardin et al., 2003a). We found that
stimulation of macrophages with KF1B, a synthetic iE-DAP mol-
ecule, induced activation of JNK, ERK, p38, and NF-kB, but this
activationwas inhibitedwhenmacrophageswerepretreatedwith
KF1B (Figure 2C). As was observed with MDP, prestimulation of
macrophages with LPS for 24 hr increased JNK, ERK, p38, and
NF-kB activation when compared to cells stimulated with KF1B
alone (Figure 2C). Thus, similar to Nod2, stimulation of macro-
phages with Nod1 agonist induces self-tolerization, but pretreat-
mentwith aTLRagonist enhancesactivation ofNF-kBandMAPK
signaling upon Nod1 stimulation. These results indicate that
refractoriness to a secondary challenge with MDP and iE-DAP
is associated with deficient activation of NF-kB andMAPK.More
importantly, NF-kB and MAPK activation induced by Nod1 and
Nod2 agonists remains intact in LPS-tolerant macrophages.
Immunity 28, 246–257, February 2008 ª2008 Elsevier Inc. 247
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Role of Nods in Host Defense after TLR StimulationFigure 1. Independent Tolerization Induced by TLR2 or TLR4 and Nod2 Stimulation
(A and B) BMDMs were treated with LPS, MDP, a combination of LPS and MDP, or left untreated for 24 hr. The macrophages were then restimulated with LPS in
the presence of absence of MDP. Cell-free supernatants were analyzed by ELISA for production of IL-6 (A) and TNF-a (B). Numbers above bars represent n-fold
induction after secondaryMDP stimulation. Results are representative of at least three separate experiments. *, **, and *** indicate significant differences between
cultures with and without MDP at p < 0.05, p < 0.01, and p < 0.001, respectively.
(C) BMDMs were treated with LTA, MDP, a combination of LTA and MDP, or left untreated for 24 hr. The macrophages were then restimulated with indicated
concentration of LTA in the presence of absence of MDP. Cell-free supernatants were analyzed by ELISA for production of IL-6. Values represent mean ±
standard deviation (SD) of triplicate cultures.
(D and E) Mice (n = 6 per group) were administered LPS, MDP, or PBS i.p. and 24 hr later were challenged with MDP, LPS, or PBS. Blood samples were collected
at the indicated times after MDP, LPS, or PBS administration, and IL-6 levels were determined by ELISA. Values represent mean ± SD (n = 6). * indicates
a significant difference between PBS-LPS and MDP-LPS (D) or PBS-MDP and LPS-MDP (E) groups and # a significant difference between PBS-LPS- and
LPS-LPS- (D) and PBS-MDP- and MDP-MDP- (E) treated mice.Gene Transcriptional Activity in Naive and MDP- or
Pam3CSK4-Tolerant Macrophages
We next performed a microarray gene analysis comparing naive
macrophages, naive macrophages stimulated with Pam3CSK4
(TLR2 ligand) or MDP, or macrophages tolerant to Pam3CSK4
or MDP and restimulated with Pam3CSK4 or MDP. The analysis
revealed that in naive macrophages, Pam3CSK4 induced 413
genes, whereas MDP induced 57 genes with 3-fold induction
over baseline as a cutoff (Figure 3A and Tables S1–S3). Most
of the genes induced by MDP and Pam3CSK4 are known to
be involved in the induction of inflammation and host immune
responses to microbial pathogens (Tables S1–S4). The great
majority of the MDP-induced genes (54 out of 57) were also in-
248 Immunity 28, 246–257, February 2008 ª2008 Elsevier Inc.duced by Pam3CSK4 stimulation (Figure 3A). Consistent with
our previous results, most of the genes were self-tolerized by
Pam3CSK4 and MDP, but there was no or minimal crosstoleri-
zation (Figure 3B and Tables S1 and S2). Furthermore, the
expression of 24 out of the 57 genes induced by MDP was en-
hanced in Pam3CSK4-tolerized macrophages (Table S1). Im-
portantly, MDP induced 422 genes in Pam3CSK4-tolerized
macrophages (compared to 57 in naive macrophages), whereas
Pam3CSK4 induced 557 genes in MDP-tolerant macrophages
(compared with 413 genes in naive macrophages) (Figure 3C
and Tables S3 and S4). Thus, the transcriptome induced via
Nod2 stimulation is greatly expanded in TLR2-tolerant macro-
phages.
Immunity
Role of Nods in Host Defense after TLR StimulationExposure of Macrophages to E. coli Inhibits TLR4
Signaling but Enhances Nod2-Mediated Responses
The experiments presented thus far revealed that macrophages
tolerant to TLR2 or TLR4 stimulation exhibit enhanced cytokine
responses and activation of signaling pathways to MDP. We
determined next whether exposure of macrophages to E. coli,
an extracellular bacterium, regulates the immune response to
LPS and MDP. Consistent with results shown in Figure 1, expo-
sure of untreated macrophages to LPS induced IL-6 and TNF-a
Figure 2. Independent Regulation of NF-kB and MAPK Activation
through LPS and Nod1 or Nod2 Stimulation
BMDMswere left untreated (control) or pretreated with LPS, MDP (A and B), or
KF1B (C) for 24 hr for the induction of tolerization and then restimulated with
LPS (A), MDP (B), or KF1B (C). Cell extracts were collected at the indicated
times and immunoblotted with antibodies that detect total and phosphorylated
(activated) forms of the indicated proteins. Results are representative of at
least three separate experiments.production, which was enhanced by costimulation with MDP
(Figures 4A and 4B). When macrophages were pretreated with
heat-killed E. coli, the cytokine response to restimulation with
LPS was greatly reduced, which is consistent with tolerization
to TLR4 stimulation (Figures 4A and 4B). Moreover, macro-
phages made tolerant to LPS by previous exposure to E. coli
remained fully responsive toMDP (Figures 4A and 4B). Biochem-
ical analyses revealed that activation of MAPKs and NF-kB
induced by LPS was inhibited by pre-exposure to E. coli
(Figure 4C). Furthermore, preincubation of macrophages with
E. coli enhanced MAPK and NF-kB activation in response to
MDP stimulation (Figure 4D). Consistently, the production of se-
rum IL-6 in response to LPS was reduced and that induced by
MDP administration was enhanced in mice pretreated with
E. coli when compared to mice pretreated with PBS (Figures
4E and 4F). These results indicate that exposure ofmacrophages
to E. coli induces LPS tolerization but maintains intact the
response to MDP in vitro and in vivo.
Nod1 and Nod2 Are Critical for Listeria Recognition
after Exposure to TLR Agonists
We examined next the role of Nod1 and Nod2 in sensing the in-
tracellular pathogen L. monocytogenes after stimulation of
macrophages with TLR agonists. L. monocytogenes produces
both iE-DAP and MDP, the core structures recognized by
Nod1 and Nod2 (Hasegawa et al., 2006). So that the response
to L. monocytogenes could be assessed, macrophages from
wild-type and Nod1 and/or Nod2 mutant mice were left un-
treated or incubated with LPS for 24 hr and then exposed to
live bacteria. In untreated macrophages, infection with
L. monocytogenes induced IL-6 and TNF-a secretion, which
was reduced approximately 20%–30% in Nod1- or Nod2-defi-
cient macrophages when compared to that observed in wild-
type macrophages (Figure 5A). The secretion of cytokines
was further decreased in macrophages deficient in both Nod1
and Nod2 (Figures 5A and 5B), suggesting redundancy of
Nod1 and Nod2 in the response to L. monocytogenes. In mac-
rophages pretreated with LPS, there was a marked decrease in
IL-6 and TNF-a production triggered by L. monocytogenes
when compared to untreated macrophages (Figures 5A and
5B), consistent with TLR4-mediated tolerization. Notably, the
cytokine response induced by L. monocytogenes infection
was much more dependent on the presence of both Nod1
and Nod2 in LPS-tolerant macrophages (Figures 5A and 5B).
Thus, the amounts of cytokines produced by untreated double-
mutant macrophages were approximately 40%–50% that of the
response observed in wild-type macrophages but approxi-
mately 10% that in LPS-tolerant macrophages (Figures 5A
and 5B). Similarly, IL-6 and TNF-a production in response to
L. monocytogenes infection relied more on Nod1 and Nod2 in
macrophages previously exposed to E. coli than in untreated
macrophages (Figures 5C and 5D). To gain further insight into
the response of TLR-tolerized macrophages, we measured
the activation of NF-kB and MAPK after L. monocytogenes in-
fection of wild-type and Nod1/Nod2/ macrophages left un-
treated or exposed to LPS, LTA, or E. coli for 24 hr. In untreated
macrophages, there was activation of JNK, ERK, p38, and NF-
kB in wild-type macrophages in response to bacterial infection,
and this activation was slightly reduced in Nod1/Nod2/
Immunity 28, 246–257, February 2008 ª2008 Elsevier Inc. 249
Immunity
Role of Nods in Host Defense after TLR StimulationFigure 3. Microarray Gene Analysis of MDP- and Pam3CSK4-Induced Genes in Naive and Tolerant Macrophages
BMDMs were treated with Pam3CSK4 (Pam3), MDP, or medium alone for 24 hr and then restimulated with Pam3CSK4 or MDP or left unstimulated. RNA was
harvested after 3 hr and analyzed by Affymetrix genechip. The list of genes and results that were used to generate Figure 3 are provided as Tables S1–S4.
(A) Number of unique and overlapping genes induced by Pam3CSK4 (white circle) and MDP (dark circle) in naive macrophages with 3-fold induction as a cutoff.
(B) Pie charts represent number of tolerized and nontolerized genes induced by Pam3CSK4 (top) and MDP (bottom) in Pam3CSK4-pretreated and MDP-
pretreated macrophages as it compared to genes induced in naive macrophages.
(C) Number of unique and overlapping genes induced by Pam3CSK4 in naive macrophages andMDP-pretreated (left circles) and by MDP in naive macrophages
and Pam3CSK4-preated macrophages (right circles) with 3-fold induction as a cutoff.macrophages (Figure 5E). After LPS exposure, MAPK and
NF-kB activation induced by L. monocytogenes was diminished
when compared to that observed in untreated macrophages
(Figure 5E). Similar results were obtained when macrophages
were pretreated with the TLR2-agonist LTA (Figure S3). The
activation of JNK, ERK, p38, and NF-kB induced by L. monocy-
togenes infection was greatly reduced in doubly deficient mac-
rophages previously exposed to LPS or E. coli (Figure 5E) or
LTA (Figure S3). Together, these results indicate that both
cytokine production and activation of NF-kB and MAPK in the
macrophage response to L. monocytogenes are critically depen-
dent on Nod1 and Nod2 after TLR ligand or E. coli exposure.
RICK Is Essential for MDP-Induced Cytokine Responses
in LPS-Treated Macrophages
The cytokine response toMDP is enhanced inmacrophages ren-
dered tolerant to LPS or LTA (Figures 1 and 2). To begin to under-
stand the mechanism involved, we stimulated macrophages
with either LPS or MDP and determined the amounts of RICK
(encoded by Ripk2) by immunoblotting. Stimulation of macro-
phages with LPS, but not MDP, induced rapid expression of
RICK (Figure 6A). For the determination of whether RICK is
important in the enhanced cytokine response of LPS-treated
macrophages, wild-type and Ripk2/ macrophages were pre-
treated with LPS or left untreated and challenged with MDP.
Consistent with results shown in Figure 1, macrophages tolerant
to LPS retained their ability to produce IL-6 and TNF-a when
stimulated with MDP, but this response was abolished in
RICK-deficient macrophages (Figures 6B and 6C). These results
indicate that RICK is essential for the response to MDP in LPS-
tolerant macrophages.
250 Immunity 28, 246–257, February 2008 ª2008 Elsevier Inc.RICK Is Critical for Macrophage Responses to Listeria
after Exposure to TLR Agonists
The kinase RICK has been shown to function downstream of
Nod1 and Nod2 (Inohara et al., 1999; Kobayashi et al., 2002b;
Park et al., 2007). For the assessment of whether RICK is impor-
tant for innate immune responses after TLR stimulation, macro-
phages from wild-type and RICK-deficient mice were left
untreated or treated with LPS or LTA for 24 hr and then infected
with L. monocytogenes. As it was observed in Nod1/Nod2/
macrophages, the absence of RICK was associated with an ap-
proximately 50%–60% reduction in IL-6 and TNF-aproduction in
response to the bacterium when compared to wild-type macro-
phages (Figures 6D and 6E). The dependency on RICK for cyto-
kine secretion was also much greater when macrophages were
previously treated with LPS or LTA (Figures 6D and 6E). The ac-
tivation of MAPKs and NF-kB in untreated wild-type macro-
phages in response to bacterial infection was unperturbed or
slightly reduced in RICK-deficient macrophages (Figure 6F).
After LPS stimulation, however, the activation of MAPKs and
NF-kB induced by L. monocytogenes infection was greatly re-
duced or abolished in macrophages lacking RICK (Figure 6F).
Together, these results are consistent with those obtained with
Nod1/Nod2/ mice and indicate that both cytokine produc-
tion and activation of NF-kB and MAPK in response to L. mono-
cytogenes are critically dependent onRICKafter TLRstimulation.
Nod1 and Nod2 Are Important for Host Defense after
LPS or E. coli Exposure In Vivo
We determined next the role of Nod1 and Nod2 in host defense
against L. monocytogenes. In these experiments, wild-type and
mutant mice were given LPS i.p. for the induction of TLR
Immunity
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with L. monocytogenes. Under these conditions, administration
of LPS induced tolerization to LPS challenge in vivo as deter-
mined by impaired production of IL-6 in LPS-pretreated mice
when compared to mice given PBS (Figure 1D). In untreated
mice, there was an approximately 5-fold higher number of bac-
terial-colony-forming units in the liver and spleen of Nod1/
Nod2/mice than in wild-type mice when assessed 2 days after
systemic L. monocytogenes infection (Figure 7A). In contrast, the
bacterial load in the liver and spleen of Nod1/Nod2/ mice
was approximately 50-fold to 70-fold higher than that in wild-
type mice after i.p. administration of LPS (Figure 7A). Consistent
with tolerization, serum IL-6 production induced by L.monocyto-
genes infectionwas lower in LPS-treatedmicewhen compared to
untreated mice and further reduced in Nod1/Nod2/ mice
(Figure 7B). To assess the role of Nod1 and Nod2 in the tissue,
we histologically evaluated liver sections from wild-type and mu-
tant mice after L. monocytogenes infection. In untreated mice,
the number of liver microabscesses was comparable in wild-
typeandNod1/Nod2/mice in response toL.monocytogenes
infection (Figure 7C). In contrast, a higher number of livermicroab-
scesseswas observed inNod1/Nod2/mice than inwild-type
Figure 4. Incubation with Heat-Killed E. coli
Inhibits LPS- but Not MDP-Induced Cyto-
kine Production and Signaling
(A and B) BMDMs were treated with heat-killed
E. coli at 1:1 macrophage:bacterial ratio or left
untreated for 24 hr. The macrophages were then
restimulated with indicated concentration of LPS
in the presence or absence of MDP. Cell-free su-
pernatants were analyzed by ELISA for production
of IL-6 (A) and TNF-a (B). Values represent mean ±
SD of triplicate cultures. Results are representa-
tive of at least three separate experiments. *, **,
and *** indicate significant differences between
cultures with and without MDP at p < 0.05, p <
0.01, and p < 0.001, respectively.
(C and D) BMDMs were left untreated or pre-
treated with heat-killed E. coli for 24 hr for the in-
duction of tolerization and then restimulated with
LPS (C) or MDP (D) for the indicated times. Cell ex-
tracts were immunoblotted with antibodies that
detect total and phosphorylated (activated) forms
of the indicated proteins. Results are representa-
tive of at least three separate experiments.
(E and F) Mice (n = 6 per group) were administered
heat-killed E. coli or PBS i.p. and 24 hr later were
challengedwith LPS,MDP, orPBS. Blood samples
were collected at the indicated times, and IL-6
levelswere determinedbyELISA. Values represent
mean ± SD (n = 6). * indicates a significant differ-
ence between PBS-LPS- and E. coli-LPS- (E) or
PBS-MDP- and E. coli-MDP- (F) treated groups.
mice in LPS-pretreated mice after
L. monocytogenes infection (Figure 7C).
Histological analyses also revealed that
LPS-treated Nod1/Nod2/ mice de-
velopedahigher number of largemicroab-
scesses with tissue necrosis than
wild-typemice (Figure 7D). For further ver-
ification of our results, wild-type and mutant mice were injected
with heat-killed E. coli or PBS i.p. and infected with L.monocyto-
genes, and bacterial clearance was determined in tissues. As it
was found when mice were pretreated with LPS, the bacterial
load was greater in the liver of mice lacking Nod1 and Nod2 than
in wild-type mice when the animals were injected with E. coli
(Figure 7E). So that the role ofNod1andNod2 in bacterial infection
could be further assessed, wild-type and Nod1/Nod2/ mice
were left untreated or treated with LPS and then infected with
L.monocytogenes, and mouse survival was monitored over time.
There was no significant difference in survival between wild-type
and Nod1/Nod2/ mice in the absence of LPS pretreatment.
However, there was increased lethality of Nod1/Nod2/ mice
pretreated with LPS and infected with L. monocytogenes when
compared to wild-type mice (Figure 7F). These results indicate
that Nod1 and Nod2 are critically important for bacterial clearance
and mouse survival after exposure to LPS or E. coli in vivo.
DISCUSSION
Recognition of bacteria via TLRs and NLRs during infection
induces the production of proinflammatory cytokines such as
Immunity 28, 246–257, February 2008 ª2008 Elsevier Inc. 251
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Role of Nods in Host Defense after TLR StimulationFigure 5. Production of Cytokines, NF-kB, and MAPK Activation Critically Depend on Nod1 and Nod2 after TLR4 Stimulation in L. monocy-
togenes-Infected Macrophages
(A–D) BMDMs from wild-type, Nod1/, Nod2/, and Nod1/Nod2/mice were stimulated with LPS or left untreated (A and B) or with E. coli or left untreated
(C and D) for 24 hr and then infected with live L. monocytogenes at bacterial:macrophage ratio of 10. Cell-free supernatants were analyzed by ELISA for produc-
tion of IL-6 (A andC) and TNF-a (B and D). Numbers above bars represent percent of the response relative to that observed in wild-typemacrophages.*, **, and ***
indicate significant differences between cultures with and without MDP at p < 0.05, p < 0.01, and p < 0.001, respectively.
(E) BMDMs from wild-type and Nod1/Nod2/mice were left untreated or stimulated with LPS or heat-killed E. coli for 24 hr and then infected with L. mono-
cytogenes at bacterial:macrophage ratio of 10 for the indicated times. Cell extracts were immunoblotted with antibodies that detect total and phosphorylated
(activated) forms of the indicated proteins. Results are representative of at least three separate experiments.
Values represent mean ± SD.TNF-a and IL-6 that are critical for cell-mediated bacterial killing
and activation of adaptive immunity. Although appropriate
amounts of these cytokines are protective to the host, excessive
production of proinflammatory cytokines induces harmful effects
in tissue physiology and severe immunopathology (Cook et al.,
2004; Danner et al., 1991). Thus, the induction of macrophage
tolerance by LPS and other bacterial ligands is thought to con-
tribute to host survival upon bacterial infection. We demon-
strated here that stimulation with MDP, the bacterial activator
of Nod2, induced tolerance to MDP but not to TLR agonists.
Conversely, macrophages tolerant to LPS or other TLR ligands
remained fully responsive to MDP and iE-DAP. We found that
most, but not all, genes induced by stimulation with a TLR2 ag-
onist or MDP are self-tolerizable. These results are consistent
252 Immunity 28, 246–257, February 2008 ª2008 Elsevier Inc.with recent studies that showed that LPS-induced genes can
be subdivided into ‘‘tolerizable’’ and ‘‘not tolerizable’’ categories
(Foster et al., 2007). Although the mechanism responsible for
gene-specific control of tolerization remains poorly understood,
there is evidence that this process involves ligand-induced
chromatin modifications (Foster et al., 2007). The lack of cross-
tolerization between TLR and Nod1 and Nod2 signaling was as-
sociated with intact NF-kB and MAPK activation in response to
microbial stimuli providing a mechanistic explanation for the ob-
served phenotype. The results suggest that hyporesponsiveness
induced by TLR agonists and MDP involve different regulatory
mechanisms. At the molecular level, the induction of LPS toler-
ance is not fully understood, but it is thought to be mediated,
at least in part, by impaired recruitment of MyD88 to TLR4 and
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Role of Nods in Host Defense after TLR StimulationIRAK-1 activation, as well as by TLR-induced transcriptional si-
lencing (Foster et al., 2007; Kobayashi et al., 2002a; Li et al.,
2000; Medvedev et al., 2007). Although the mechanism involved
in MDP tolerance remains to be elucidated, it is likely that toler-
ization targets Nod2, RICK, or othermolecules that are critical for
Nod2 signaling.
Infection with bacterial pathogens triggers the activation of
several TLRs in addition to Nod1 and Nod2. Although several re-
ports have shown that Nod1 and Nod2 contribute to the innate
immune response induced by several pathogenic bacteria in
vitro (Ferwerda et al., 2005; Kim et al., 2004; Opitz et al., 2006;
Travassos et al., 2005), the role of these NLR proteins in bacterial
infection is poorly understood. Our studies have revealed that
mice lacking Nod1 and Nod2 exhibit impaired bacterial clear-
ance and survival after systemic administration of L. monocyto-
genes in LPS or E. coli-treated mice. In contrast, Nod1 and Nod2
Figure 6. RICK Is Essential for MDP- or
Listeria-Induced Cytokine Production and
Signaling in Macrophages Prestimulated
with LPS or LTA
(A) BMDMs were stimulated with LPS or MDP for
the indicated times, and cell extracts were as-
sessed for RICK and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) levels by immunoblot-
ting.
(B and C) BMDMs from wild-type and Ripk2/
mice were treated with LPS or left untreated for
24 hr and then restimulated with MDP. Cell-free
supernatants were analyzed by ELISA for produc-
tion of IL-6 (B) and TNF-a (C).
(D and E) BMDMs from wild-type and Ripk2/
mice were stimulated with LPS, LTA, or medium
alone for 24 hr and then infected with live L. mono-
cytogenes at bacterial:macrophage ratio of 10.
Cell-free supernatants were analyzed by ELISA
for production of IL-6 (D) and TNF-a (E). Numbers
above bars represent percent of the response
relative to that observed in wild-type macro-
phages. ** and *** indicate significant differences
at p < 0.01 and p < 0.001, respectively.
(F) BMDMs from wild-type and Ripk2/ mice
were left untreated or stimulated with LPS for
24 hr and then infected with L. monocytogenes
at bacterial:macrophage ratio of 10 for the indi-
cated times. Cell extracts were immunoblotted
with antibodies that detect total and phosphory-
lated (activated) forms of the indicated proteins.
Results are representative of at least three sepa-
rate experiments.
Values represent mean ± SD.
deficiency was associated with a modest
effect on bacterial clearance when the
mice were infected with L. monocyto-
genes in the absence of TLR ligand
administration. Consistent with these
findings, Nod2 deficiency alone is not
associated with impaired host defense
against L. monocytogenes when the
animals are infected via the i.p. route
(Kobayashi et al., 2005). Similarly, the ab-
sence of RICK results in modest impairment in the clearance of
L. monocytogenes in liver and spleen 2–3 days after infection
(Chin et al., 2002). In agreement with our in vivo results, NF-kB
and MAPK activation in response to L. monocytogenes was crit-
ically dependent on Nod1 and Nod2 or their adaptor RICK in
LPS- or LTA-treated macrophages but not in naive macro-
phages. Microarray analysis revealed that the levels and number
of genes induced by MDP stimulation are greatly increased in
TLR2-tolerant macrophages when compared to naive macro-
phages. The increased signaling and transcriptional activity
induced by MDP in TLR-tolerant macrophages is likely to be
complex, but it can be explained, at least in part, by the induction
of RICK by TLR agonists. This is consistent with our observation
that RICK is essential for the enhancement of MDP-induced re-
sponses in LPS-tolerant macrophages. TLR-tolerized macro-
phages have minimal response to subsequent TLR ligands but
Immunity 28, 246–257, February 2008 ª2008 Elsevier Inc. 253
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Role of Nods in Host Defense after TLR StimulationFigure 7. Nod1 and Nod2 Are Required for Efficient Bacterial Clearance and Mouse Survival after Exposure to LPS or E. coli In Vivo
(A) Wild-type (n = 6) andNod1/Nod2/mice (n = 6) were left untreated or treated with LPS for 24 hr and then infected i.p. with 104 L. monocytogenes. Bacterial
loads were determined in liver and spleen 48 hr after infection by plating. Results are representative of three separate experiments.
(B) Serum IL-6 levels 3 hr after infection with L. monocytogenes in untreated and LPS-treated wild-type and Nod1/Nod2/ mice.
(C and D) Histological analysis of hematoxylene-eosin-stained liver sections from wild-type (WT) and Nod1/Nod2/ mice infected left untreated (LPS) or
treated with LPS (LPS+) and then infected with L. monocytogenes. Liver tissue was processed 48 hr after infection. The number of microabscesses induced
by infection in liver tissue in wild-type and mutant mice (C) was evaluated microscopically (n = 6 per group). Arrow heads and arrows denote large and small
microabscesses, respectively (D). The magnification is 4003.
(E) Wild-type (n = 6) and Nod1/Nod2/ mice (n = 6) were left untreated or treated with heat-killed E. coli for 24 hr and then infected i.p. with 104 L. monocy-
togenes. Bacterial loads were determined in liver 48 hr after infection by plating.
(F) Mouse survival over time after L. monocytogenes infection in untreated and LPS-treated wild-type and DKO mice (n = 6 mice per group).
Values represent mean ± SD.
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Role of Nods in Host Defense after TLR Stimulationa significant response to subsequent dual challenge with both
LPS or LTA and MDP. Because MDP alone induces no or mini-
mal IL-6 or TNF-a production, an alternative and nonexclusive in-
terpretation is that a main effect of MDP stimulation is to allow
TLR-tolerized cells, which would normally be refractory to TLR
ligand rechallenge, to again respond to TLR ligation. The implica-
tion of this model is that cells that are constantly exposed to TLR
ligands in vivo (e.g. commensal flora), can become resensitized if
intracellular Nod1 and Nod2 signaling is triggered by the pres-
ence of pathogenic and/or intracellular bacteria. This might be
consistent with a two-signal mechanism of response to intracel-
lular pathogens, whereby induction of proinflammatory cyto-
kines by TLR signaling in TLR-tolerized cells can only occur if
potentiated by Nod1 and Nod2 signaling. The priming of immune
responses mediated through Nod1 and Nod2 in TLR-tolerant
macrophages might serve to prepare the host against intra-
cellular pathogens and to tailor the immune response to harmful
invasive bacteria.
Previous studies have revealed an important role for Nod1 and
Nod2 in host defense at mucosal surfaces (Kobayashi et al.,
2005; Viala et al., 2004). For example, mice deficient in Nod2
are more susceptible to oral but not intraperitoneal administra-
tion of L. monocytogenes (Kobayashi et al., 2005). Similarly,
mice lacking Nod1 exhibit increased bacterial loads in the stom-
ach when compared to wild-type mice after oral administration
of H. pylori (Viala et al., 2004). Notably, epithelial cells lining the
gastric and intestinal mucosa of adult mice are deficient in TLR
activation (Abreu et al., 2003; Melmed et al., 2003). In the intes-
tinal tissue, reduced TLR signaling in epithelial cells and macro-
phages is thought to benefit the host by suppressing inappropri-
ate inflammatory responses induced by commensal bacteria or
their products (Abreu et al., 2003; Melmed et al., 2003). Several
studies have shown that recognition of pathogenic bacteria in in-
testinal cells lacking TLRs relies on Nod1 (Girardin et al., 2001;
Kim et al., 2004; Zilbauer et al., 2007). Together these results
suggest that the intracellular sensors Nod1 and Nod2 play a crit-
ical role in host defensewhen TLR signaling is physically reduced
such as in intestinal cells or inhibited via tolerization. Remark-
ably, TLR-tolerant macrophages also retained their ability to ac-
tivate caspase-1 and produce higher levels of IL-1b than naive
macrophages after infection with intracellular bacteria (Franchi
et al., 2006). These results indicate that activation of NLR signal-
ing pathways that rely on cytosolic recognition of invasive bacte-
ria serve to protect the host when proinflammatory responses
are compromised by TLR-induced tolerization.
EXPERIMENTAL PROCEDURES
Mice
Mice deficient in Nod1, Nod2, Nod1 and Nod2, and RICK in a C57BL/6 back-
ground have been described (Park et al., 2007). C57BL6mice were purchased
from Jackson Laboratories (Bar Harbor, ME). The animal studies were con-
ducted under approved protocols by the University of Michigan Committee
on Use and Care of Animals.
Reagents and Bacterial Infection
Ultrapure LPS was from E. coliO55:B5 (Sigma), synthetic bacterial lipopeptide
(Pam3Cys-Ser-Lys4-OH) and lipoteichoic acid (LTA) were from Invivogen, and
synthetic MDP was from Bachem. Synthetic Nod1 ligand, KF1B, was a gift of
K. Fukase, Osaka University. L. monocytogenes wild-type strain 10403S and
E. coli strain K-12 were a gift of M.O’Riordan, the University of Michigan. Forheat inactivation, bacteria were centrifuged, washed, resuspended in PBS,
and heated at 65C for 2 hr. Bacterial strains were cultured as previously
described (Higgins et al., 1999). Bacteria were diluted to the desired concen-
tration and used for the infection of macrophages at different bacterial:macro-
phage ratios. After 30 min infection at 37C, the macrophages were washed
twice with PBS, and Iscove’s modified Dulbecco’s medium (IMDM) containing
33 mg/ml of gentamycin was added so that the growth of extracellular bacteria
could be limited.
Preparation and Stimulation of Murine Macrophages
Bone-marrow-derived macrophages (BMDMs) were prepared as previously
described (Celada et al., 1984). For induction of macrophage tolerization, cells
were cultured in 48-well plates at a concentration of 2 3 105/well or in 6-well
plates at a concentration of 2 3 106 cells/well. The day after the plating, cells
were treated with LPS (100 ng/ml), MDP (10 mg/ml), LTA (1 mg/ml), or heat-
inactivated E. coli (at 1 bacteria per macrophage) for 24 hr.
Microarray Gene Analysis
Total RNA was purified with RNeasy Mini Kit (QIAGEN). Two biological repli-
cates were performed for each experimental condition. Sample preparation
and hybridization to Affymetrix Mouse Genome 430 2.0 Genechips were per-
formed at the University of Michigan Cancer Center Microarray Core facility. In
brief, target complementary DNA (cDNA) generated from 5 mg total RNA was
biotinylated, hybridized, and stained per the manufacturer’s standard protocol
with an Affymetrix GeneChip Instrument System. Arrays were scanned on an
Affymetrix GeneChip scanner 3000 7G according to Affymetrix standard pro-
tocols. Normalized data were converted to an expression measure for each
gene on each chip with a robust modeling strategy (Irizarry et al., 2003). Genes
induced by Pam3CSK4 or MDPwere selected on the basis of a 3-fold increase
overexpression levels in unstimulated macrophages. Tolerized genes are de-
fined as genes induced in naive macrophages by Pam3CSK4 or MDP stimula-
tion and downregulated more than 2-fold in tolerant macrophages stimulated
with Pam3CSK4 or MDP. The other genes are defined as nontolerized genes.
Immunoblotting
Cells were lysed in buffer containing 1% NP-40 supplemented with complete
protease inhibitor cocktail (Roche, Mannheim, Germany) and 2 mM dithiothei-
tol. Lysates were resolved by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to membranes by electroblotting.
The antibodies for mouse Ik-Ba, phospho-Ik-Ba, p38, phospho-p38,
phospho-ERK, and phospho-JNK were from Cell Signaling (Beverly, MA).
Measurements of Cytokines
Mouse cytokines were measured in culture supernatants with enzyme-linked
immunoabsorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN).
Mouse Stimulation and Infection
For the induction of tolerization to microbial stimuli, adult mice (6–8 weeks old)
were administered LPS (10 mg/mouse), MDP (300 mg/mouse), 109 heat-killed
E. coli, or PBS i.p., and 24 hr later, mice were treated with the same amounts
of the indicated microbial stimuli. For infection, mice were treated with LPS
(10 mg/mouse) or 109 heat-killed E. coli i.p. or left untreated and 24 hr later in-
fected with 104 L. monocytogenes i.p. Bacterial loads in liver and spleen were
determined 48 hr after infection by plating. Microabcesses in the liver tissue of
infected mice were evaluated by histological analysis of hematoxylene-eosin-
stained sections.
Statistical Analysis
Statistical significance between two groups was determined by two-tailed
t test with unequal variance (Aspin-Welch’s t test; Excel, Microsoft). Bacterial
counts of infected mice were analyzed by Mann-Whitney U analysis (Graph-
Pad Prism). The mortality of infected mice was analyzed by Kaplan-Meir sur-
vival curves and log-rank test (GraphPad Prism). Differences were considered
significant when p values were less than 0.05.
Supplemental Data
Three figures and four tables are available at http://www.immunity.com/cgi/
content/full/28/2/246/DC1/.
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